Electronic properties and spin-orbit (SO) splitting of silicene adsorbed with Cu, Ag, Au and Pb atoms at different coverages are investigated by means of first-principles calculations. All four kinds of adatoms we studied tend to adsorb at hollow sites. The adsorption of Pb atoms enhances the hybridization of s electrons and p electrons around the Fermi level in silicene, resulting in considerable SO splitting ($100 meV). Only a small degree of SO splitting is achieved in NM-silicene (NM stands for noble metal atoms, i.e. Cu, Ag, and Au) systems. Our results suggest that the s-p coupling is a very important factor for the enhancement of SO coupling in silicene. The concentration and the intrinsic SO coupling of adatoms will also affect SO splitting in these systems. All structures we studied are stable at room temperature. Our work provides an imperative understanding of the physical mechanism of enhancing SO coupling in two dimensional materials.
Introduction
The central theme of spintronics is about the spin interaction and the active manipulation of spin in solid state systems. Due to the possible applications in the electronic industry, spintronics has become an active research eld. In current spintronics, the investigation of spin-orbit (SO) interaction has attracted great attention. The SO coupling connected the momentum of an electron with its spin, so that one can possibly use the external electronic eld to manipulate the spin of the electron.
1-3 Moreover, many interesting phenomena are closely related to SO interaction, including the anomalous quantum Hall effect and spin quantum Hall effect, 4, 5 which have been predicted in graphene, a single layer of carbon atoms in a honeycomb lattice. 6 However, the SO interaction in pristine graphene was found to be very weak, not sufficient for practical applications. 4, 7 Thus, it is very meaningful and important to study how to enhance the SO coupling and yield large SO strength in graphene. In fact, various methods have been conducted to enhance the SO coupling in graphene, such as by adsorbing impurity atoms on graphene, growing graphene on different kinds of substrates, applying an external electric eld or exerting strains.
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For the physicist, the important things are not only to enhance SO coupling but also to explore its physical mechanism. Castro Neto and Guinea suggested that the sp 3 hybridization induced by an impurity atom could lead to a large increase of SO interaction in graphene. 12 The same mechanism also was proposed by Huertas-Hernando et al. They found the lattice deformation could enhance the hybridization of s electrons and p electrons in graphene, leading to the increase of SO interaction. [13] [14] [15] The inuence of the metal substrate on SO splitting in graphene was also investigated. Using angle-resolved photoelectron spectroscopy, Dedkov et al. observed a large Rashba splitting in an epitaxial graphene layer on top of a Ni(111) substrate. 16 This Rashba effect was attributed to the combination of two effects: spin-polarization of the p band and the effective potential gradient appearing at the graphene/Ni interface. Regrettably, the remarkable Rashba splitting was not observed in the latter similar investigations. 17 In addition, another mechanism about SO interaction was also raised. Marchenko et al. reported that Au intercalation at the graphene-Ni interface could create a remarkable SO splitting. 18 They thought that the hybridization between C p states and Au d states was the source of the SO splitting in graphene.
To obtain a deeper insight into the physical mechanism on enhancement of the SO coupling, the further investigation is very necessary. In fact, silicene is a better material for the investigation of this mechanism. Silicene is the silicon counterpart of graphene. Those exotic features belonging to graphene such as linear energy dispersion and massless Dirac fermions are still kept in silicene, 19, 20 attracting signicant interest. [21] [22] [23] It is well known that the two sublattices are coplanar in graphene, whereas silicene has a buckled sheet with the two sublattices not in the same plane. 24 In graphene, s orbitals and p orbitals are coupled only through the intrinsic SO coupling. Thus, the effective SO coupling is a second-order process in graphene, resulting in a rather tiny SO splitting at the Dirac point. However, due to low-buckled structure of silicene, s orbitals and p orbitals in silicene can directly hybridize. The intrinsic effective SO coupling in silicene is a rst-order process, resulting in an arrestive SO splitting at the Dirac point. 25, 26 A direct band gap of 1.55 meV has been found at the Dirac point of pristine silicene by Yao group, and the gap would increase to 2.9 meV under certain pressure strain. 25 These investigations suggested that silicene could provide very different structural and electronic circumstances from graphene. It is very interesting to investigate the SO interaction in silicene.
The sp 2 -sp 3 mixing hybridization in silicene causes its high surface reactivity. Lin et al. found adatoms could be much more strongly bound to silicene than to graphene. 27 In the present paper, we systematically study the electronic properties and SO coupling in silicene with adatoms Cu, Ag, Au and Pb within the framework of density functional theory. We know that Cu, Ag, and Au are termed as noble metal (NM) atoms, belonging to the same group. It is well known that the atomic intrinsic SO coupling is closely related to atomic number. These three kinds of adatoms we select are conducive to understand the inuence of the intrinsic SO coupling on SO splitting of NM-silicene systems. In ref. 9, Ma et al. suggested the SO splitting of graphene can signicantly be enhanced by Pb doping. In the past some years, Pb/Si systems has also been extensively studied, especially on Si(111) surface. [28] [29] [30] [31] Thus, it is very meaningful to investigate the inuence of Pb adsorption on electronic structures and SO splitting of silicene. Our study suggests the interaction between Pb and silicene is stronger than that between NM and silicene. Considerable spin-orbit splitting ($100 meV) is achieved in Pbsilicene system, which can be ascribed to the enhanced s-p coupling in silicene induced by Pb adsorption. This order of magnitude of SO splitting is sufficient for the practical applications, thus Pb decorated silicene is very promising in the spintronics.
Computational methods and models
The total energy and electronic structure calculations are performed with projector augmented wave formalism based on density functional theory (DFT), as implemented in the Vienna ab initio simulation program (VASP). 32, 33 The generalized gradient approximation (GGA) method with Perdew-Burke-Ernzerhof (PBE) for the exchange and correlation functional is used. 34 Plane waves with energy cut-off of 400 meV are used for the expansion of Kohn-Sham orbitals. The SO coupling can be included by solving the generalized Kohn-Sham equations in the relativistic DFT. 35, 36 The van der Waals (vdW) interaction is considered in our calculations based on Grimme's DFT-D2 method. 37 Due to the hexagonal symmetry of the silicene layer, four possible adsorption positions are considered, i.e., hollow site (above the center of hexagonal), top site (on top of the upper silicon atoms), valley site (on top of the lower silicon atoms), bridge site (on top of the Si-Si bond), 38 for which the abbreviations 'H', 'T', 'V' and 'B' are used, as illustrated in Fig. 1 . Through comparing their binding energy E b , the relative stabilities of these sites can be measured. The binding energy is dened as
where E ad , E Si , and E total represent the total energies of a single free adatom, the clean silicene, and the M-silicene system, respectively. With this denition, a positive binding energy indicates the exothermic process. To simulate the different adsorption coverage, the supercell models are used, which consists of an (n Â n, n ¼ 3, 4, 5) primitive silicene cell and an adatom, as shown in Fig. 1a . The vacuum thickness along the z axis is no less than 15Å, large enough to avoid the interactions between the two adjacent silicene sheets. All models are constructed based on the calculated lattice constant for (1 Â 1) unitcell of 3.82Å and the buckling distance 0.44Å, which are in good agreement with previous theoretical values. 24 For geometry optimization, the internal coordinates are allowed to relax with the xed lattice constants until the Hellmann-Feynman forces are less than 0.01 eVÅ À1 without SO coupling. The convergence threshold for energy is 10 À6 eV. Both band structures with and without the SO coupling are calculated based on these optimized structures. The Brillouin zone integrations are performed by using Monkhorst-Pack grids 39 of 13 Â 13 Â 1, 9 Â 9 Â 1, 7 Â 7 Â 1 for (3 Â 3)-(5 Â 5) cells, respectively. Molecular dynamics (MD) simulations were performed to assess the stability of congura-tions at different temperatures.
Results and discussion
The calculated results of silicene with Cu, Ag, Au and Pb adatoms are summarized in Table 1 . For all M-silicene (M ¼ Cu, Ag, Au, Pb) systems, the H site is found to be the most stable conguration. Obviously, the binding energy is nearly independent of the adsorption coverage and increases in the order of Ag < Au < Pb < Cu. For NM atoms adsorption, this order is in good agreement with recently reported studies. 40 The binding energies for all M-silicene systems vary from the smallest value of 1.842 eV (Ag) to the largest one of 3.048 eV (Cu). Compared to the graphene, the adatoms could be much more strongly bound to silicene due to its high surface reactivity. 27 The obtained binding energies for Cu-graphene, Ag-graphene, and Au-graphene systems by Ding et al. are only 0.25, 0.03, and 0.16 eV, respectively. 41 Interestingly, the binding energy of Ag is still the smallest, and that of Cu is still the largest even if they are adsorbed on graphene. However, the binding energies of Msilicene (M ¼ Cu, Ag, Au, and Pb) systems are much less than those of TM-silicene. 38, 42 For example, the binding energies of Ti, Fe, Co, Ni on silicene (4 Â 4) supercells vary from the smallest value of 3.516 eV (Fe) to the largest one of 4.776 eV (Ni) . 27 If silicene (6 Â 6) supercells are adopted, the larger binding energies can be obtained. The binding energy can even reach 7.05 eV for W-silicene (6 Â 6) system. 38 Obviously, the closed d shells of Cu, Ag and Au atoms result in a relative weak interaction between them and silicene, lowering the binding energies of these systems. Conversely, the open d shells of those transition metal atoms strengthen the interaction between them and silicene, resulting in the larger binding energies. For Pb-silicene systems, the relative small binding energies can be ascribed to the large Pb-Si bond lengths.
The band structures of systems without the consideration of SO coupling are shown in Fig. 2 . For brevity without sacricing generality, the only (4 Â 4) supercell is selected as a representative example. The energy band of pristine silicene (4 Â 4) supercell is also illustrated in Fig. 2e for comparative purpose. We rst focus on the inuence of NM atoms on the electronic properties of silicene. The comparison of band structures between pristine silicene (Fig. 2e) and NM-silicene systems (Fig. 2a-c) suggests that the Dirac cones are not destroyed completely by the adsorption of NM atoms, but the sites of Dirac cones shi from Fermi level (E F ) to about À0.4 eV, which is almost independent of the concentration of adatoms. That is to say, the E F will li when NM atoms are adsorbed on silicene, which means the direction of charge transfer is from NM atoms to silicene, leading to n-type doping. 27, 40 The scenario is similar for the adsorption of other metal atoms, such as Li atom, on silicene. 43 On the contrary, the adsorption of non-metal atoms, Table 1 Calculated parameters for Cu, Ag, Au, and Pb adsorbed silicene: the most stable site, binding energy E b , the distances between the adatom and its nearest (next-nearest) Si atom d1 (d2), band gap at the Dirac point without (with) SO coupling E g1 (E g2 ) View Article Online such as F atom, will lower the E F . 44 Although the shapes of Dirac cones in NM-silicene systems are almost kept, the adsorptions of NM atoms lead to the emergence of band gaps at the Dirac points, i.e., the gaps between A band and B band in Fig. 2a-d . The values of these band gaps without the consideration of SO coupling are given as 'E g1 ' in Table 1 . For each NM-silicene, it can be seen that the band gaps of NM-silicene (3 Â 3) systems are signicantly larger than those of (4 Â 4) and (5 Â 5) systems. And the band gaps of (4 Â 4) systems are only slightly larger than those of (5 Â 5) systems. That is to say, the band gaps at the Dirac points will reduce gradually with the decrease of the concentration of adatoms. The evolution of band structures of Pb-silicene is shown in Fig. 2d . Obviously, the inuence of Pb on the properties of silicene is much stronger than that of NM atoms. In Pb-silicene (4 Â 4) system, the Dirac cone has been distorted, and a band gap of 0.269 eV is opened. With the decrease of the concentration of Pb atoms, the band gaps around the Dirac points also reduce gradually. This is similar to the case of NM adsorption.
To understand how the adatoms affect the electronic properties of silicene, the partial density of states (PDOS) are plotted in Fig. 3 . For the adsorption of NM atoms, the characteristic of PDOS for Cu-silicene and Ag-silicene systems is similar to that for Au-silicene, thus we only select Au-silicene as a representative system and show its PDOS in Fig. 3a . Due to the closed d shell of Au atom, the Au 5d states are located in the deep energy range of À4 eV to À7 eV. However, the Si 3p states are near the E F , resulting in the relative weak interaction between Au atom and silicene. The scenario is different for the adsorption of Pb atoms. It can be seen from Fig. 3b that there is one perfect peak superposition between Pb 6s and Si 3s orbitals. In addition, both Pb 6p and Si 3p states are around the E F . These features suggest the strong hybridization and interaction appear between Pb adatoms and silicene, leading to the obvious change of electronic structure in silicene.
The inuence of SO coupling on the band structures of Msilicene systems is further explored. First we focus on the pristine silicene. A band gap of 1.51 meV at the Dirac point is obtained in pristine silicene aer the SO coupling is considered, which is in good agreement with previous result. 25 This gap can be regarded as an SO splitting, which is caused by liing the degeneracy of the valence band and conduction band at K point. Moreover, the spin degeneracy of energy bands can also be lifted when the SO coupling is taken into account. In the following, we will mainly focus on this kind of SO splitting induced by liing the spin degeneracy of bands. There are many factors that inuence the SO splitting in M-silicene systems, including the concentration of adatoms, the intrinsic SO coupling, and the orbital hybridization, etc. To exclude the inuence of the intrinsic SO coupling of adatoms, only the energy band structures of Au-silicene systems with SO coupling are shown in the upper three panels of Fig. 4 . Here, it is worth noting that the Dirac cone (K) of silicene is folded to the G point due to the Brillouin zone folding of the (3 Â 3) silicene supercell. However, the SO splitting can not be distinguished easily from these band structures. By analyzing the energy of each band, the absolute values of the SO splitting can be extracted. In the lower three panels of Fig. 4 , we give the SO splitting of three bands around the E F , denoted as A, B, and C in band structures. We found that the SO splitting of A bands are obviously smaller than that of B and C bands except those high symmetrical points. One can see from Fig. 3a that the A band is chiey composed of Si p z (p) states, while the B and C bands include not only Si p z (p) states but also Si s, p x and p y (s) states. Due to the hybridization, Au 6s states also have small contribution to the B and C bands. The strong interaction between s states and p states occurs in B and C bands, leading to the large SO splitting. On the other hand, Fig. 4 shows the largest values of SO splitting for each band in Au-silicene (3 Â 3) system is slightly larger than those in (4 Â 4) and (5 Â 5) systems, suggesting the concentration of adatoms also affects the SO splitting.
The SO splitting of A, B and C bands around the E F (see Fig. 2a-d) for all M-silicene (4 Â 4) (M ¼ Cu, Ag, Au, and Pb) systems are given in Fig. 5 . Obviously, the values of SO splitting increase according to the order of Cu < Ag < Au < Pb, suggesting the intrinsic SO coupling of adatoms is an obvious factor that affects SO splitting. However, it is worth noting that the SO splitting of Pb-silicene system ($100 meV) is much larger than that of Au-silicene system ($20 meV) although the atomic number of Pb atom is only slightly larger than that of Au atom. The reason can be analyzed based on the hybridization of s-p orbitals. As mentioned above, the strong interaction appears between Pb and silicene, and the electronic states around the E F in silicene produce remarkable change. It can be seen from Fig. 3b that all Si s, p x /p y , and p z orbitals participate in hybridization around the E F , forming quasi-sp 3 hybridization, enhancing SO splitting in Pb-silicene system. Furthermore, the hybridization between Si frontier orbitals and Pb 6p orbital is also an important source of the SO splitting. Conversely, the small SO splitting in Au-silicene systems can be ascribed to the relative weak interaction between Au and silicene as well as the small changes of electronic structures in silicene. Based on the above analysis, we can draw a conclusion that the hybridization of s-p orbitals is a very important factor for the enhancement of SO splitting in silicene, and the intrinsic SO coupling of adatoms as well as the concentration of adatoms can also affect the SO splitting. Aer the SO coupling effect is considered, the Dirac cones in NM-silicene systems move toward E F and locate at around À0.3 eV. The band gaps at the Dirac points decrease due to the SO splittings of A and B bands, especially for Pbsilicene systems (see 'E g2 ' in Table 1 ). Obviously, these results suggest the SO coupling will exert an important effect on the electronic structures of silicene with heavy metal atoms. Only when these systems are stable at room temperature, they are useful in spintronics device. To study the thermal stabilities of these systems at different temperatures, we carry out the molecular dynamics (MD) simulations on M-silicene (4 Â 4) systems. The oscillations of M-Si bond lengths with the MD steps below 1000 K are shown in Fig. 6a . During the entire MD simulation process of 2 ps with the time step of 1 fs, no bond breaking is observed below 1000 K. On the whole, the oscillating period of M-Si bond lengths gradually increase with the rise of temperature. Once the temperature exceeds 1000 K, the adatoms will disaffiliate from silicene one aer another. In Fig. 6b, we give the critical temperature of M-Si bond breaking, which is 1000 K, 1200 K, and 1200 K for Cu-silicene, Ag-silicene, and Pb-silicene, respectively. However, no bond breaking is observed in Au-silicene system even if the temperature is up to 1400 K. Surprisedly, the Si-Si bonds begin to break when the temperature is up to 1500 K, meaning the disintegration of silicene at this temperature.
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Therefore it is meaningless to conduct MD simulations above 1500 K. Of course, the above MD simulations are not enough to nd the exact critical temperature of disintegration, and they only stand for a temperature range. However, based on these results, we can conrm these M-silicene systems are stable at least at room temperature, thus they can be well applied in spintronics.
Conclusions
The spin-orbit coupling effect and electronic properties in silicene with adsorbed Cu, Ag, Au, and Pb atoms are explored based on rst-principles method. For the adsorption of NM atoms on silicene, the shapes of Dirac cones in NM-silicene systems are almost kept except for the emergence of band gaps at the Dirac points. Only small spin-orbit splitting is achieved in NM-silicene systems. Different from the NM adsorption, the strong interaction between Pb and silicene can enhance the hybridization of s electrons and p electrons around Fermi level, resulting in the remarkable change of electronic structures in silicene. Considerable spin-orbit splitting ($100 meV) can be achieved in Pb-silicene systems due to the enhanced s-p coupling. Based on our results, a signicative conclusion can be drawn that the hybridization of s-p orbitals is a very important factor for the enhancement of SO splitting in silicene. The concentration and the intrinsic SO coupling of adatoms can also affect the SO splitting.
